INTRODUCTION
============

Spermatogenesis is a complex biological process responsible for the development of sperm from spermatogonial stem cells (SSCs) ([@gks1186-B1]). It is divided into three stages: premeiotic, meiotic and postmeiotic ([@gks1186-B4]). In the premeiotic stage, SSCs either self-renew to maintain the number of undifferentiated cells or differentiate into spermatogonia ([@gks1186-B5]). Spermatogonia divide several times by mitosis and then differentiate into preleptotene spermatocytes on entry into meiosis. In the meiotic stage, the preleptotene spermatocytes subsequently undergo leptotene, zygotene, pachytene and diplotene stages of the first meiotic prophase. During these sub-stages, homologous chromosomes align and pair with synaptonemal complex formation and undergo homologous recombination ([@gks1186-B1],[@gks1186-B8],[@gks1186-B9]). With the completion of the first meiotic division, a primary spermatocyte segregates its chromosomes into two secondary spermatocytes. The secondary spermatocytes rapidly undergo the second meiotic division and generate four round haploid spermatids, followed by a postmeiotic global remodeling of the round spermatid nucleus leading ultimately to the unique structure of the sperm ([@gks1186-B10],[@gks1186-B11]). Somatic cells such as leydig cells and sertoli cells also play a number of crucial roles in spermatogenesis, for instance secreting testosterone and supporting spermatogenesis, respectively ([@gks1186-B12]).

Spermatogenesis is a well-conserved, protracted and complex process. Many genes are involved ([@gks1186-B15]). However, gene interactions involved in SSC self-renewal and differentiation, spermatogenesis initiation, meiotic entry, spermiogenesis, sertoli cell and germ cell interaction, germ cells synchronization during the spermatogenesis, remain largely unknown. We have developed a searchable database, SpermatogenesisOnline 1.0, described here. To our knowledge, it is the first bioinformatic resource focusing entirely on spermatogenesis. It contains detailed information for 1666 genes that have been reported to participate in spermatogenesis by manual curation from 30 233 articles from 37 organisms and 762 genes that are predicted to participate in the regulation of spermatogenesis using our Greed AUC Stepwise (GAS) model. Users can find the genes of interest by searching our web-server-based SpermatogenesisOnline 1.0. It will provide detailed information for the query genes: (i) the basic information; (ii) the literature information and (iii) other database information. Furthermore, SpermatogenesisOnline 1.0 provides several additional advanced options for users. SpermatogenesisOnline 1.0 is implemented in PHP + MySQL + JavaScript and can be accessed at <http://mcg.ustc.edu.cn/sdap1/spermgenes/index.php> without registration.

CONTENT AND CONSTRUCTION
========================

The general process of data collection, annotation and model development is illustrated in [Figure 1](#gks1186-F1){ref-type="fig"}. Figure 1.SpermatogenesisOnline 1.0 database scheme.

Manual curation of literature
-----------------------------

With the aim of creating a curated spermatogenesis database with high quality, we searched PubMed with keywords for spermatogenesis-related literature and collected genes identified experimentally to be functional in spermatogenesis from 30 233 articles published before 1 May 2012. Only the genes with experimentally verified functions in spermatogenesis are included in this database. These genes, here called 'function known genes in spermatogenesis', are from 37 organisms, including *Homo sapiens*, *Mus musculus*, *Rattus norvegicus*, *Mesocricetus auratus*, *Bos Taurus*, *Drosophila*, *Xenopus laevis* and *Caenorhabditis elegans*. To search for spermatogenesis genes, we used the keywords 'spermatogenesis', 'spermatogenetic', 'spermigenesis', 'premeiotic', 'meiotic', 'postmeiotic', 'meiosis & spermatocyte', 'spermatogonial stem cell', 'spermatogonium', 'spermatocyte', 'spermatid' or 'spermatozoa & spermatogenesis' to the PubMed ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1)), since these keywords can cover the entire process of spermatogenesis. Furthermore, to include the spermatogenesis-related genes that are expressed in testicular somatic cells, we chose the term 'sertoli cell & spermatogenesis' and 'leydig cell & spermatogenesis'. For users who are interested in spermatogenesis in different species, we collected the data from several different organisms. (Principle of data collection is listed in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1).) In total, we collected 1666 unique spermatogenesis genes from 37 organisms. The distribution of the function of these genes in different spermatogenetic stages and cell types in spermatogenesis is listed in [Supplementary Tables S2](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1) and [S3](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1).

Microarray data collection
--------------------------

As a source of expression information for SpermatogenesisOnline 1.0 and to prepare for the prediction of genes with novel functions, the ArrayExpress database was used as a resource ([@gks1186-B16]). After screening the whole ArrayExpress database, 18 mouse whole transcript microarray experiment datasets using Affymetrix GeneChip Mouse Genome 430 2.0 platform were downloaded. These 18 datasets were divided into four categories ([Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1)). The 'developmental stages' category contains dataset of gene expression in testes in a developmental time course. Dataset in the 'gene disturbance' category is gene expression information in testes of gene-modified mice. The 'before and after treatment' category contains gene expression information in testes of laboratory mice before and after receiving chemical treatment and the 'tissues and cell types' category contains gene expression information in different tissues or cell types of testes.

GAS algorithm
-------------

The details of GAS construction are listed in [Supplementary Methods and Results](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1).

Annotation of each gene
-----------------------

After all the genes (including those both experimentally verified and predicted by GAS) were collected, we annotated them as follows: (i) basic information \[e.g. name/synonyms, protein sequences, nucleotide sequences, PI (isoelectric point) and MW (molecular weight)\] of the genes/proteins is annotated referring to GenBank and UniProt Knowledgebase; (ii) detailed description of the experimentally verified genes (but not predicted genes) including subcellular location, developmental stages and cell types in which a gene function in spermatogenesis is provided together with the result figures and abstracts of literatures reporting the gene and (iii) the protein--protein interaction (PPI) information \[combination of the records from HPRD ([@gks1186-B17]), BioGRID ([@gks1186-B18]), DIP ([@gks1186-B19]), MINT ([@gks1186-B20]), IntAct ([@gks1186-B21]) and String ([@gks1186-B22]) database\], functional domain, structural domain and the GO annotation are also provided.

SpermatogenesisOnline 1.0 is constructed as an integrated bioinformatic resource. It is implemented in PHP + MySQL + JavaScript. Its online documentation contains the help information to guide first time users how to use this resource (<http://mcg.ustc.edu.cn/sdap1/spermgenes/documentation.php>).

UTILITY
=======

User interface---simple and advanced search
-------------------------------------------

SpermatogenesisOnline 1.0 is developed in an easy-to-use mode, providing a search engine for users to find the genes of interest (including experimentally verified genes and GAS genome-wide-predicted candidates). The search option (<http://mcg.ustc.edu.cn/sdap1/spermgenes/simple.php>) provides an interface for querying the SpermatogenesisOnline 1.0 with one or several keywords (gene/protein names) or accession numbers \[UniProt ID or SG (SpermatogenesisOnline 1.0) ID\]. For example, if a keyword of *Sycp1* is input and submitted ([Figure 2](#gks1186-F2){ref-type="fig"}A), the search results will be shown in a tabular format, containing SG ID, Gene names, Uniprot ID, Species, Function in stage and Function in cell type ([Figure 2](#gks1186-F2){ref-type="fig"}B). By clicking on the SG ID (SG00001172), the detailed information for mouse *Sycp1* will be shown ([Figure 2](#gks1186-F2){ref-type="fig"}C) in three parts: (i) the basic information \[e.g. Gene names, Nucleotide and protein sequences and MW (molecular weight)\]; (ii) the literature information (function in stages, function in cell types, figures and abstracts of the literature) and original description for gene function and (iii) other database information (GO annotation, domain organization, PPI information and the mRNA expression in our collected microarray data). For the GAS-predicted genes, (i) the basic information; (ii) literature information (not related to spermatogenesis) and (iii) other database information are provided. Figure 2.The search function of SpermatogenesisOnline 1.0. (**A**) Users can simply input gene '*Sycp1*' for querying. (**B**) The results are shown in a tabular format. Users can visualize the detailed information by clicking on the SpermatogenesisOnline 1.0 ID (SG00001172). (**C**) The detailed information for mouse *Sycp1*. The information presented here has been checked and will be updated based on new data published.

Furthermore, SpermatogenesisOnline 1.0 provides five additional advanced options, including ([@gks1186-B1]) 'Advanced search', ([@gks1186-B2]) 'Browse', ([@gks1186-B3]) 'BLAST search', ([@gks1186-B4]) 'Orthologous browse and Pairwise orthologous browse' and ([@gks1186-B5]) 'Chromosome location' ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1)).

([@gks1186-B1]) Advanced search: in this option, users can use up to two search terms with relatively complex or combined keywords to locate the precise information. The interface of search engine permits querying by combination of different annotation fields using 'and', 'or' or 'exclude' ([Supplementary Figure S5A](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1)). ([@gks1186-B2]) Browse: instead of searching for a specific gene, all entries of SpermatogenesisOnline 1.0 could be listed by species, function in stage or function in cell type ([Supplementary Figure S5B](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1)). ([@gks1186-B3]) BLAST: this option was designed to find related information for genes of interest in SpermatogenesisOnline 1.0 quickly using protein sequences. To search for identical or homologous proteins, users can input a protein sequence in FASTA format ([Supplementary Figure S5C](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1)). The blast program in NCBI BLAST packages was included in SpermatogenesisOnline 1.0 ([@gks1186-B23]). ([@gks1186-B4]) Orthologous browse and pairwise orthologous browse: to search for orthologs in different species, user can browse orthologous information by providing a gene/protein name. Users can also browse the orthologous information between any two different species using Panther or Inparanoid databases ([Supplementary Figure S5D](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1)) ([@gks1186-B24],[@gks1186-B25]). For example, by clicking on the 'Example' and 'Submit' button successively, the orthologous information (identity ≥20%, *E*-value ≤ e−50 and score ≥3000) between *Mus musculus* and *Homo sapiens* will be shown, with gene names and other detailed results from BLAST ([Supplementary Figure S5E](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1)). ([@gks1186-B5]) Chromosome location: in this option, users could browse the SG genes that locate in a specific chromosomal region in different species ([Supplementary Figure S5F](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1)).

User interface---prediction, feedback and documentation
-------------------------------------------------------

As the first integrated database for genes involved in spermatogenesis, SpermatogenesisOnline 1.0 provides information not only on experimentally verified genes but also candidates predicted to participate in the regulation of spermatogenesis. Using the GAS model, SpermatogenesisOnline 1.0 lists the candidate genes under the option 'Prediction'. Candidate genes are shown in a tabular format with the features of SG ID, Ensembl Gene ID, Species, Gene names, Chromosome location, Strand and GAS Probability ([Figure 3](#gks1186-F3){ref-type="fig"}A). The probability was calculated by the GAS algorithm, ranging from 0 to 1. The closer the GAS value of a gene is to 1, the more likely it functions in spermatogenesis. (Details of calculation of GAS probability in [Supplementary Methods and Results](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1).) By clicking on the SG ID, the detailed information for a candidate gene is shown ([Figure 3](#gks1186-F3){ref-type="fig"}B). The basic information (e.g. Gene names, Nucleotide and protein sequences and MW) of these genes are provided. Figure 3.List of genes functional in spermatogenesis predicted by the GAS model. (**A**) The candidate genes functioning in spermatogenesis that are predicted by the GAS model. (**B**) The detailed information of an example predicted gene '*Tcte3*'.

Users are able to review and revise the records in SpermatogenesisOnline 1.0 or to submit novel genes functioning in spermatogenesis (<http://mcg.ustc.edu.cn/sdap1/spermgenes/feedback.php>).

RESULTS AND DISCUSSION
======================

Spermatogenesis is a multi-faceted and tightly regulated process responsible for development of sperm from SSCs. Many critical molecules involved in spermatogenesis have been identified, thanks in part to the use of genetically modified mouse models combined with data from other species ([@gks1186-B15]). The data obtained from these models provide clues to understand abnormalities in human reproduction. Clinical studies have demonstrated that most genes regulating spermatogenesis and fertility in animals also play a role in human reproduction, mainly because of evolutionary conservation among species. To analyze effectively the data generated in various experiments using different species, it is necessary to collect and manage these data in an organized manner.

Unlike other existed reproductive-related database, e.g. GermOnline and Ovarian Kaleidoscope ([@gks1186-B26],[@gks1186-B27]), SpermatogenesisOnline 1.0 includes not only 1666 experimentally verified genes functioning in spermatogenesis from 37 organisms but also 762 genes predicted by the GAS model. By carefully reading the literature, experimentally verified genes functioning in spermatogenesis of *Mus musculus* (since the function of genes in spermatogenesis is mostly identified in genetically modified mouse models) were collected and submitted to GO enrichment analysis. (Details of GO analysis are presented in [Supplementary Methods and Results](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1) and [Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1).) We also performed GO analysis for the genes predicted by GAS ([Supplementary Table S7](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1)). Using the whole-genome data as the background, we statistically calculate the represented biological processes, molecular functions and cellular components in SG genes distribution (Hypergeometric distribution, *P*-value \<0.05, enrichment fold \>2; details of GO analysis in [Supplementary Methods and Results](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1)). Interestingly, some GO terms have been enriched for both experimentally verified and predicted genes. For example, acrosome assembly (GO: 0001675) was enriched for the two sets of genes. In the GO-represented biological processes, 25 GO terms were enriched for both experimentally verified and predicted genes, 21 GO terms were enriched in GO-represented molecular functions and 10 GO terms in GO-represented cellular components for these two sets of genes ([Figure 4](#gks1186-F4){ref-type="fig"}A). This analysis further indicates that the predicted genes with overlapping GO terms with the experimentally identified ones ([Supplementary Table S8](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1)) are most likely to regulate spermatogenesis. SpermatogenesisOnline 1.0 could thus facilitate understanding of regulatory mechanisms of spermatogenesis. Figure 4.(**A**) GO analysis for known and predicted genes. (**B** and **C**) The examples of potential protein network of spermatogenesis.

Spermatogenesis must, in part, be dictated by networks of genes expressed in the testis. Thus, PPI information of known and predicted genes will be critical for understanding the mechanisms of this process. Combined with experimentally validated and computationally predicted PPIs, we constructed a potential protein network of spermatogenesis (PPI records from HPRD, BioGRID, DIP, MINT, IntAct and String database). For mouse, we collected a total of 14 661 experimental PPIs in 5308 proteins and 1 020 193 predicted PPIs in 11 409 proteins, respectively. We carefully referred to scientific literature and found that some interactions have been shown to be involved in spermatogenesis. For example, DAZL ([@gks1186-B28]), DDX4 ([@gks1186-B29]) and TDRD1 ([@gks1186-B30]) have been shown to play a critical role in spermatogenesis, disruption of any of them in mice causes spermatogenetic arrest. In elongated spermatids, those proteins vanish or decrease gradually, while their interacting protein TRIM36 (E3 ubiquitin-protein ligase) is highly expressed. This phenomenon indicates that DAZL, DDX4 and TDRD1 are probably degraded through ubiquitin pathway mediated by TRIM36 ([Figure 4](#gks1186-F4){ref-type="fig"}B). Many transcription factors, such as NANOS2 ([@gks1186-B31]), ETV5 ([@gks1186-B32]), SOHLH2 ([@gks1186-B33]) and STAT3 ([@gks1186-B34]), also play a critical role in spermatogenesis, and either of them disruption results in impairment of SSC self-renewal or differentiation. In contrast, SOHLH2 and STAT3 promote spermatogonial differentiation. All of the above-mentioned proteins interact with the protein FAM48a (a transcription factor) ([Figure 4](#gks1186-F4){ref-type="fig"}C). How these proteins interact with FAM48a and what the function of FAM48a is in spermatogenesis are remained to be studied. Moreover, our results also indicated a number of potentially interesting interactions whose function in spermatogenesis are unknown.

For SG genes that have been experimentally validated, PPI analysis failed to distinguish the nature of interactions among them. We thus performed biointeraction analysis to detect the regulating networks of these SG genes using the text-mining approach, PESCADOR ([@gks1186-B35]). (Details in [Supplementary Methods and Results](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1) and [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1).)

Taken together, we have developed a database (SpermatogenesisOnline 1.0) that provides a comprehensive platform to gather detailed information of experimentally verified and GAS-predicted genes in spermatogenesis. It integrates the detailed information for 1666 genes that have been reported to be involved in spermatogenesis and 762 genes predicted by our GAS model (GAS probability \>0.5) to participate in spermatogenesis. SpermatogenesisOnline 1.0 will help researchers to obtain a comprehensive understanding of complex biological mechanisms of spermatogenesis. In addition, the strategy (manual curation and data mining) used to develop SpermatogenesisOnline 1.0 can be easily extended to the study of other biological process such as oogenesis and brain development.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gks1186/DC1) are available at NAR Online: Supplementary Tables 1--8, Supplementary Figures 1--5 and Supplementary Methods and Results.
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